Materials and Structures/Matériaux et Constructions, Vol. 33, April 2000, pp 147-153

Microstructure and transport properties of porous
building materials. 1I: Three-dimensional X-ray

tomographic studies

D. P. Bentz!, D. A. Quenard?, H. M. Kunzel’, J. Baruchel®, F, Peyrin*?, N. S. Martys' and

E. J. Garboczi!

{1} Building and Five Research Laboratory National Institnte of Standurds and Technology Gaithersburg, MD 20899 USA — (2) Centre
Scientifiquie et Technique du Batiment, 24 Rue Joseph Fourier, F-38400 Saint-Mastin d'Heres, France — (3) Fraunhofer-Institut fur
Bauphysik, IBP Postfach 11 52, D-83601 Holzkirhen, Gennany — (4) ESRF, Grenoble, France — (5) CREATIS-INSA, Lyon, France

Paper received: April 14, 1999, Paper accepted: October 18, 1999

ABSTRACT

RESUME

‘Three-dimensional X-ray microtomography is used to
obtamn three-dimensional images of the microstructure of
two types of brick. The images are processed to remove
the noise (random and circular pattern) and then thresh-
olded to match the porosity determined experimentally.
The 3-I binary images arc then analyzed to estimate their
vapor diftusivity and air permeability  to compare to
experimental data published in part one of this report.
Care must be taken 1 obtaming the tomographic images
at a resolution that both enables 1solation and quantifica-
tion of the pores of nterest and provides a representative
clementary volume for the transport property calcula-
tons. In general, the agreement between computed and
measurcd propertics is reasonable, suggesting that X-ray
microtomography can provide valuable information on
the characteristics and properties of the pore networks
developed in these porous building materials. A prelinu-
nary cvaluation indicates that the Katz-Thompson rela-
tonship between permeability, diffusivity, and pore size 1
vahd for these materials.

1. INTRODUCTION

In part one of this study [ 1], a inkage was established
between  the pore structure and transport propcrtius
(sorptivity, diffusivity, and permeability) for a set of three
common building maternals. Usig mercury merusion
porosimerry and scanning clectron microscopy analysis
i combination with two different types of computer
models, computed transport propertics based on the
models compared tavorably with those measured experi-
mentally on the same suite of materials, I this present
paper, this study 1s extended by direetly analyzing the
three-dimensional microstrocture of two of the materials
(bricks) as exemplitied by X-ray microtomographic

Fiditovial Note

La niicrotomographic a xayons X synchrotron est utilisée
pour obtenir des images tridimensionnelles de la microstructure
de deux types de briques. Les images sont tout d’abord traitées
pour {liminey le bruit (anncaux aléatoires) et ensuite sewiflées
par ajustement avee la porosité déterminée-expérimentalement.
A partir des images binaires 3D, on estime numériquernent la
diffusivité a la vapenr et la perméabilité & Iair, les valenrs
obtenues sont ensuite comparées avec les données expérimen-
tales publiées dans la partie 1 de cette commmmication. Dans le
cadre d'une telle procédure, la wsolution des images doit &

Jois rendre possible la discrimination cf la quantification de tons

les pores importants vis-a-vis du phénomene étudic et fourniy
wun volume émentaire représentatif ponr Ie caleut des propriéeés
de transport. Laccord satisfaisant obfems entre les valewrs cal-
ctlées ot mesurées montre que la microtomographie X pent

Sournir des informations pertinentes suy les carvactéristiques et

les propriétés du réseau porex des matériaux de construction.
Une évalnation préliminaire indigue que la relation de Katz-
Thompson entre la perméabilité, la diffusivité et la taille des
pores est applicable pour ces matériaux.

mmages obtamed using beam line [D19 at the European
Synchrotron Rescarch Facilities (ESRF) in Grenoble,
France. The two bricks examined are a lime silica brick
formed by high pressure stecam curing of a mixture of
lime and silica, and a clinker brick which is a
hard-burned clay brick. Both are typically used in the
rain screens of cavity walls [ 1].

The 3-D umages (2560 pixels x 256 pixels % 256 pix-
clsy are first processed to remove the random noise and
the “arcular ring” noise pattern often mherent in X-ray
microtomographic images. The latter notse 1s character-
1zed by a series of concentric rings radiating outward
from the center of the samiple i one of the mmage planes,
After processing, the microstructures are binarized to
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match the overall porosity measured experimentally on
the matertals. For one of the bricks, the clinker brick,
this 15 accomplished viva simple thresholding operaton.
For the lime sihica brick, however, because the
microstructure contans multi-seale features (pores)
which are not resolvable using the X-ray tomographic
cquipment, @ multi-scale approach to assigning porosity
and computing transport propertics 15 applied [1, 2]
Atter bimarnzation, 100 pisel x 100 pixel x 100 pixel or
200 pixel x 200 pixel % 200 pisel subscts of the resulrane
images are analyzed to compute ditfusivities and perme-
abilities using previously developed techmiques [, 3-3].
These computed values are compared to those previ-
ously measured experimentally [, Te should be noted
that the computational programs are not tiited o
transport properes, as shrinkage and clastic response
can also be simudated on any 3-1 hinary image ot a
porous iedia |61,

Fig. 1 - Original, processed, and binary images for the clinker
brick. Thresholded porosity is 20%. Image size is 256 pixels x
256 pixels or 1.7 mm x 1.7 mm.

2. EXPERIMENTAL AND COMPUTATIONAL
TECHNIQUES

2.1 Image acquisition

Within the last decade, X-ray computed microto-
mography (LCT) has become an imporeant tool fo
mvestigation in materials science [7-9], biology, and
mcedicine [10], since it is a non-destructive method
which provides three-dimensional information.

In principle, X-ray nicrotomography is similar to the
conventional scanners used m medical applications,
except that 1t provides images with higher spatial resolu-
tion.  Getting higher spatial resolution in reasonable
acquisition tmes requires mtense X-ray beams. For this
purpose, the use of X-ray beams extracted from the syn-
chrotron radiation 1s particalarly well suited. I addi-
tion, synchrotron radiation offers the possibility to select
monochromatic X-ray beams (within a small cnergy
bandwidth) with an energy optimized for the sample
under investigation, while at the same time maintaining
a igh enough photon Hlux rate for cfficient imaging,
Monochromaticity 1s of great interest in tomography
since it avords beam hardening artifacts, which occur
when the Tow energy radintion of the beam is absorbed
by the sample.

The samiples were imaged on the 3-D pCTosetup
developed on beamtbine 11 19 at the ESRE The systen
uses 4 large monochromatte paradlel heam and a 2D area
detectors The sample 1o be mmaged s mounted on g
ranslitionfrotation stage allowing, precise ahgnment
the beam. The acquisinon consists of recording, radi
ographic mages of the sample for ditferent angular poss
tons. After conversion to haht by a floorescent sereen,
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the radiographic images are digitized using a Frelon
Camera [, which consises of a 2-1D CCD (Charge
Couple Device) array with 1024 clements x 1024 ¢le-
ments, cach 19 um by 19 pm.and offers a dynamic range
of tbits. The CCD camera 1s mounted perpendicu-
larly to the X-ray beam in order o avord direct mterac-
tons which cause noise in the recorded images. An

optical magnitication 1s used resulting ma pixel sive of

6.05 W by 6.65 i for the recorded mage. A 3-D fil-
tered backprojection algorithm is then wsed to recon-
struct a 3=D miage of the sample from the series of 241
projections | 12].

I this experiment, the specimens were scanned
using 25 keV X-rays. Tor cach sample, 900 radiographic
nnages were acquired over afickd of view ot 180 degrecs.
Phe 3= reconstruction was Tiited to a0 236 % 236 «
150 regron ol miterest (RO within the saple,

Fig.2 - Original, processed, and binary images for the lime sitica
brick. Thresholded porosity is 16%. Image size is 256 pixels x
256 pixels or 1.7 mm x 1.7 mm.

2.2 Image processing

Two-dimensional slices extracted from the 3-D
tomographic images are provided in the upper feft por-
tions of Figs. 1 and 2. From these images, 1t 1s clear that
a predominant artifact is the circular ring pattern ema-
natig from the central point. These artifacts resule from
dust on the monochromator surface. Attempts to
remove these artifacts using median fileering {13] were
only partially successful, resulting in images which could
not be casily thresholded to obtain binary pore/solid rep-
resentations. Thus, a more direct approach to TCmoving
this noise pattern was developed. Basically, our goal 15 to
remove the variation i greylevel as we proceed from
one radial distance to another, since it is this variation
that1s responsible for the observed ring pateern. Because
of the concentrie ring nature of this noise, a special filter
function of the form:

255

g(.x‘,_\::) E [g(,\‘,i\:‘.:,) : ;,(/)] + 128 : (N
0

1sapplied meach 7 plance, where g (r) is the average
arevlevel computed at cach radial distance rin plane 7 and
the result s Tinted o the range 10.235]. Onginally, this
filter was applicd to cach 2-17 slice of the image m it
entirety, but this resulted e the emergence of 4 new arti-
fact duc to the sabtle greylevel variation i various quad-
rants of the image. Thus, cach image plane was subdi-
vided o four subquadrants (s < 0 v <00 <0y S 0
A0y <O >0,y S 0) where (x000), y o ) represents
the central pomt of the nage pline. The above fineton
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was then applied separately e cach quadrant. Finally, a
3-1 median filter of size 5 pixels x 3 pixels x5 pixels was
apphied to remove any renaining X-ray maging artifaces
and randomly distributed notse. As wall be presented in
the results section, this produced images of greacly
enhanced contrast, where the ring artifaces were basically
removed and no longer influenced the segmentation
Process.

From the previous study [ 1], the porosities of the two
bricks were known experimentally. For the clinker
brick, the processed 250 x 256 % 256 3-D) image was
thresholded to obtain a porosiey of 200 and the central
100 % 100 x 100 and 200 x 200 x 204 portions were
sclected for turther compurations. For the Time sihica
brick, the threshold porosity was set at 169, as deter-
mined previously for this coarser scale [1], wath the
remainder of the overall porosiey being distributed at a
finer scale within the solids (104 porosity also within the
solids resulting in 0,16 + (1.-0.16)*0.10 -+ 0.294 total
porosity). In this manner, the overall porosity s very close
to the experimentally determmed value of 30% [ ).

2.3 Transport property measurement

The measurement of transport properties of these
bricks has been desertbed i detal previously |1, Vapor
diftusivity was measured by means ot a cup test accord-
ing to DIN standard 52-615 [[4]. The relative humadity
gradient for this test was between 30 REL and 5090 RT1.
When the rate of mass increase of the cup contaming the
sunple was lincar, the slope was used to determine the
matertal vapor diffusivity. Air permeabibity was mea-
sured on the same samples used e the vapor dittusivity
test. The sample was scaled i the testing device and the
air tlow measured at a series of pressure steps. Knowing
the tlow e and the pressure ditterential across the sam-
ple, the air permeabthoy was casitv caleulated (1.

2.4 Transport property computations

To compute vapor diftusivite. both finite difference
and finite element techniques |13 were applied to the
31 digital 100 pixel x 100 pisel x 100 pixel binary
nnages. The finite clement techimgues constder corner
and cdge connections as well as pivel face connections
and thus result in higher computed values for relative

dittusivity. Both techniques were executed because of

the extreme fineness of the slie=Iike pores e the chinker
brick images, as seen i Fige 1 Por pores this smali, the
overall connectvity of the pore sustem can be largely
mifluenced by diagonal pixel connecuons m the 32D
Fo convert the relanve ditfusivities to absolute
values, a value of 0.0922 m2/h was used as the diffusivity
ob water vapor i air [10]. For the Time sthica brick, rela-
pve diffsivities of 0.007 and L0153 were assigned to the
solud phases, corresponding to the values determmed for
the 1o porosity phase using the tinte difterence and
totie clement technigues, respectively.

AIRTLEH

his, we are

assuming that the lime silica brick has a self=similar
microstructure such that the relative dittusivity com-
puted for the coarse pores can be used to provide the val-
aes needed for the tine-seale porosity present m the
“solids™ in the 3-1D uCT images.

To compute permeability, Stokes equation for slow
mcompressible flow was solved using a finite difference
scheme atong with non-centered difterence equattons
[4,5]. These caleulanions were performed on both 100
pixel > 100 prxel x 100 pixel and 200 pixel x 200 pixel x
200 pixel central portions of the 3-1) microstructure to
examine the ettects of sample size (with respect to obtaining
a representative clementary volume) on permcability. For
the lime sitica brick, no attempt was made to account for
the contribution of the fine-scale porosity to the overall
permeability, as it was considered that the measared perme-
abihity would be domimated by the porosity present at the
coarser scale mmaged by the X-ray tomography technigue.
In all cases, transfer coefficients were computed for cach of
the three principal directions.

3. RESULTS
3.1 Microstructure

Figs. Tand 2 provide a series of 2-1) images located at
slice z = 100 from the 2563 microstructures. In cach
nage set, the upper left nnage is the as received data, the
upper right shows the umage after the filtering process.
and the lower left image provides the resultant image
after the biarization process. In both cases, the Targe
improvement i image quality obtamed via the fileering
process is clearly evident. To the viewer's eye, the seg-
mentation mto porosity and solid provided in the binary
mmage appears quite reasonable at the assigned porosities
of 20% and 1694, for the clinker and lime silica bricks,
respectively. While the pore space appears disconnected
i the two-dimensional images, the 3-1 binary images
shown i Fige 3 clearly tllustrate that the porosity 1 per-
colated for both bricks. These 3-17 images (50 pixel x
50 prxel x 50 pixel) dlustrate the contral portions of the
3-D microstructures which were selected for computa-
tion of the maternls” ranster coctficients.

3.2 Measured and computed transport
properties

The computed and measured transport properties are
summarized m Table T I general, the agreoment
between experimental and computed transter coctti-
crents 1s reasonable, but tor both bricks, further
improvenients could be expected by changing the reso-
lucion at which the Xeray nmicrotomographic images
were acquired.

For the chinker brick, the volume maged m the
250 x 256 % 256 arrav s greater than needed 1o be rep-
resentative of the nierosteacture. For this macerial, the
problem s dhat dee imdividual shedike pores are very
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Fig. 3 - 3-D binary images of clinker (top) and lime silica (bottom) bricks. Tmages are 50 pixels x 50 pixels » 50 pixels in size from the

central portion of cach microstructure,

small and are typically only one to three pixels in width.
Thus, the connectivity of the 3-1) image is less than that
of the original microstructure, and this system would
benefit from an increase in resolution in the nC'T data
set. This can be clearly seen in the results where the
vapor diffusivities computed using the finite clement
(more connected) computation are much greater and
much closer to the experimental values than those deter-
mmed using finite differences. In fact, the overall aver-
age of the finte difference and finite clement values,
0.0016, 15 within 20% of the measured value, a reason-
able agreement.
anisotropy in the sample microstructure as cvidenced by
the ratio of 2 to 3 between minimum and maximum val-
ues for the transfer cocfticients computed in cach of the
three principal directions.

In terms of permeability, the computed values are on
the average a factor of 3 too high in comparison to the

Property } Clinker brick
Total porosity (%) ‘j 20
Measured Vapor lefuswsty (m2/h) 0.002

0.006
0.024,0.008,0.013
0.032,0.011,0.019

Measured Air Permeability (um?) j
Computed Air Permeability (ym2)c .
Computed Air Permeability (um2)d -

a = Compttied wsing finite difference iechigre.
- Cospriived wsing jintie eleasent techiique,

o= Compioed o a JOO 10U = 100 inagr.
d - Compreed i a 200 % 200 200 nuage

One can also note a high degree of

Table I - Measured and computed transport properties for bricks

Lime silica brick

0.004
Computed Vapor Diffusivity (m2/h) a 0 0003,0.0005,0. 0007 0.0032,0.0022,0. 0027
! Computed Vapor Diffusivity (m2/h) b 0.0020,0.0027,0. ()036 0. 0053 0.0044,0.0058
0.039 J
0.062,0.17,0.027
0.11,0.23,0.088

smgle experimental value. Some of this variation could
be due to the antsotropy present in this material. o
hindsight, 1t would have been very useful to experimen-
tally measure the transfer coefficients of this material in
cach of the three principal directions, The computed
permeability values are also likely too high duc paraally
to the resolution problem. Because the smallest resolv-
able pores are 6.65 um (1 pixel) m size and permeability
scales as pore diameter squared [17], 1f 4 pum pores were
mstead the true characteristic feature of the microstruc-
ture, the computed permeabilities would be a factor of
(6.65/4)” = 2.76 too Ingh, very close to the observed
average ratio of wmputcd to expermmental values, Once
again, an increase in the pCT data set resolution, such
that the pores were on average at least 3 pixels wide,
would be beneticial.

For the Time sihica brick, conversely, the pores are
quite farge and well delineated inthe 3-D mmage. In this
case. the problem as one of obtaming a
large enough image to provide a repre-
sentative clementary volume for the hete-
crogencous microstructure, as the
30 microstructure m Fig. 218 dominated by
the presence of a single large gram i the
mage’s  upper  central  oregron.
Fortunately, the vapor diffusivity results
are farly imsensitive to system size, and
Al computed values agree fairly well with
the single measured value o diffusivity
. (the overall average computed value

being within 220 of the experimental

onc). Because the pore space is veryawell
connected e the 3= image tor

the lime
sihea brick, there s omuch soaller dif-
ference betweens the values provided by
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the finite ditference and finite clement technigues than
for the chinker brick.,

For permeability, in an attempt to obtam a represen-
tative Clclncnt;lry vo|umc, comput;ltiom WCTe per-
formed on both the centeal 100 x 100 x 106 and
200 % 200 x 200 portions of the 3-1) microstructure. As
can be seen in Table 1, Hede change was observed in
going to the larger systems, suggesting that in this case,
the X-ray microtomographic data really needs to be
acquired at a lower resolution (larger sample volume) to
provide a more representative 3-D image for computing
permeability for this brick. On average, the computed
values are a factor of about 3 too high i comparison to
the single experimental value, which was obtamed on a
much larger sample area (100 cm? vs. 0.029 cm” for the
256 pixel x 256 pixel tomographic images).

3.3 Katz-Thompson relationship in bricks

The data set gencerated for the bricks allows us to
quantitatively cvaluate the use of the Katz-Thompson
relationship for predicting the permeability of these
porous matertals.  The basic Katz-Thompson relation-
ship s given by [18]:

D . p?
Dy 2)
' 226

where k is the permeability, 1D/D, 1s the relative dit=
fustvity, and 1 1s the eritical pore diameter evaluated
from a mercury intrusion experiment and corresponding
to the largest pore size for which there exists a connected
pathway through the microstructure when considering
only pores of this size and larger.

Experimentally, permeability has been measured and
the relative dittusivity can be obtained by dividing the
measured value by the value for water vapor in air
(0.0922 m?/h). Howcever, a measure of ) 1s lacking.
But, computationally, the 3-D microstructaral binary
mmages can be evaluated to provide an estimate of 1 in
the following manner. First, the connecovity of the wys-
tems can be examined using a “burning” algorithm [19]
to determine the fraction of the overall porosity which i
part of a connected pathway through the microstructure
for a “diamcter” of one pixel. For the clinker brick and
lime silica bricks, we find pereolated fractions of (.78
and 083, respectively, Inaddition, a program which
simulates the 3-1) intrasion of spherteal particles of var-
aus sizes can be used as a coarse simulaton of the mer-
cury erusion process (coarse becavse in three dimen-
stons, the mtruding mercury surtace ts characterized by
two radit of curvature and may not be sphericaly 14]. For
a3 pixels (about 20 um), the pores in the chinker
brick are virtually inaccessible, while about 25% of those
mi the Time sthea brick are accessible when intruding
from one surtace of the 3-D svstem. Thus, reasonable
estimates of 1 might be | pisel (6.65 i) and 2 piscls
3.3 pmy tor the chmker and ime sthea bricks, respee-

tvely. These values are m good agreement with mer-

cury intrusion porostmetry curves presented  previously
[1]. Substituting these values into cquation 2 along with
the measared relative dittusivities, one computes esti-
mated permeabilities of 0.004 um? for the clinker brick
and 0.034 wm* for the lime silica brick, 0 good agree-
ment with the experimentally determined values. This
prehminary analysis indheates that the Kawz-Thompson
relationship very likely holds for these bricks, as well as
for the porous rocks to which it was originally apphied
[18]. Here again, the analysis for the clinker brick would
benetit from having a data set obtained at a igher reso-
lution to allow a more accurate determination of D for
this material.

4. CONCLUSIONS

X-ray microtomography can provide valuable
three-dimensional 1mages of the microstructure ot
porous building materials, but the chosen resolution of’
the timages must be carctully selected o balance pore size
and representative elementary volume concerns. Too
Ingh a resolution provides excellent individual pore
delineation, but results 10 an overall volume which 1s too
small to be representative. Too low a resolution provides
a good representative elementary volume, but may result
in pores which are difficult to 1solate and whose 3-D

" connectivity is less than the pores in the actual material.

For a material with a wide range of pore sizes (such as
cement paste or mortar), it will be extremely difficule to
balance these two concerns and a multi-scale approach,
such as that used for computing the diffusivity of the
lime silica brick i this study, may be needed to produce
quantitative compartsons to experimental data. When
these concerns are properly balanced, or at least consid-
cred in the subsequent computations of transport prop-
erties, the computed transfer cocthicients compare favor-
ably with  their experimental counterparts.
Experimentally, if it 15 suspected that a materid may be
antsotropic, transfer cocfticients should be measured
cach of the three principal directions to test this hypoth-
cs1s. Finally, 1t has been demonstrated that the
Katz-Thompson relationship can be used to characterize
the transport propertics and pore sizes of the bricks
examined in this scudy.
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